
UNCLASSIFIED

AD NUMBER

AD890720

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Test and Evaluation; 21 Jan
72. Other requests shall be referred to
Office of Naval Research, Code 462,
Arlington, VA 22217.

AUTHORITY

ONR ltr, 29 Aug 1973

THIS PAGE IS UNCLASSIFIED



r at ('n S. R' ''.rc*. .c



i

OPERATIONS RESEARCH, Inc.
SILVER SPRING, MARYLAND

THE ASW CLASSIFICATION PROBLEM
IN A MULTICONTACT ENVIRONMENT-

A QUEUING APPROACH

by

P.M. Tullier and D.W. Walter

20 December 1971

Prepared under Contract No. N00014-71-C-0408, Task NR 364-047
- for Naval Analysis Programs (Code 462)

Office of Naval Research

I Department of the Navy D D -C
Arlington, Virginia 22217

SG.S. ov't. agencleS Only* JAN 20 1972

Testb BdoC~~V referred to 1J)A2097for this docustI 7cG_ &, 6 , C



S~dt Caeifcetq DCUENT CONTROL DATA~ R&D[I tS.wdere gtanatIfe.I~n at tt~to. body of abstteet OWd Indsaind a"noeaeloe must be entered when the *VoMIte#$1pat to sheathaed)t, OIGINTIN ACIWIT W0= awtor)SO. AXPORT 611CURTY C L.A61uPBCATION

Opteraim n Repo art h n .26 RU

TH AS LSIIAINPOLMI A MULTICONTACT ENVIRONMENT-A

L 1 N00014-1-C-040 TMTE (tp138-71ad fouev 40

S UNRF S 018-6-0 name $##*IJOR NO(S) Initial)b~e ht a b aa~e

4 1. ARIFLP AFIIT YLMATO NOTIC.TOA.EOSO A 90.O np

be. COPMNTRACORY GRNOT NO DR. SORGNATORN IIARY ACRTINVITY(

66 I. AUSRCT NO.lnaon

pRtiuaFh prtoso h sonars-0 in. gat muticomTnt)Act otenvronmenare treatm ed stas~
ThNpssv 364sifi047o proessaoard umrn s: id

IID%I .UPIMH YNTSI.SOSRN IIAYATVT

S. ASTRCT he pssie cassiiceionprocss boad aseubmrity Clsstuficationariua.1 .prtoso tesnr namliotctevrnetaetetda

a tie-hae processing~ sy-stem.: Th rcsosaetepsiesnr nh



UNCLASSI'IED
Secutity Clusnificatoon -

". ,INK A 8INK LINK C
R vK WOR D S* , WOT POLI WT IRO•N r W T

ASW
Classification
Queuing
Time-sharod system

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address imposed by security classification, using standard statements
of the contractor, subcontractor, grantee, Department of De- such as:
fense activity or other organis.4ion (~orporate author) issuing (1) "Qualified requesters may obtain copies of this
the report. report from DDC."

2a. REPORT SECUIUTY CLASSIFICATION: Enter the over (2) "Foreign announcement and diusemination of this
all security classification of the report. Indicate whether report by DDC is not authorized."
"Restricted Data" is included. Marking is to be in accord-
once with appropriate security regulations. (3) "U. L. Government agencies may obtain copies of

this report directl'y from DDC. Other qualified DDC
2b. GROUP: Automatic downtrading is specified in DoD Di- use vs shall recuest through
rective 5200. 10 and Armed Forv-es Industrial Manual. Enter 0*

the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 'as author- (4) "1U. S. military agencies may obtain copies of this
ized. report directly from DDC. Other qualified users

3. REPORT TITLE: Enter the complete report title in all shall request through
capital letters. Titles in all cases should be unclassified. ..

If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis (5) "All distribution of this report is controlled. Qual-
immediately following the title. ified DDC users shall request through

4. DESCRIPTIVE NOTES: If appropriate, enter the type of __

report, e.g., interim, progress, summary, annual, or final. If the report has been furnished to the Office of Technical

Give the inclusive dates when a specific reporting period is Services, Department of Commerce, for sale to the public, indi-
covered. cate this fact and enter the price, if known.

5. AUTHIOR(S): Enter the name(s) of author(s) as shown on 1L SUPPLEMENTARY NOTES: Use for additional explarla-
or in the report. Enter last name, first name. middle initial, tory notes.
If military, show rank and branch of service. The name of
the principal .uthor is an absolute minimum requirement. 12. SPONSO: tNG MILITARY ACTIVITY: Enter the name of

the departmental project office or laboratory sponsoring (pay.
6. REPORT DATE u Enter the dite of the report as day, ing for) the research and development. Include address.
month. year; or month, year. If more than one date appears 1
on the report, use date of publication. 13. ABSTRACT: Enter an abstract giving a brief and factual

summary of the document indicative of the rer art, even though
7a. TOTAL NUMBER OF PAGES: The total page count it may also appear elsewhere in the body of the technical re-
should follow normal pagination procedures, La., enter the port. If additional space is required, a continuation sheet shall
number of pages containing information, be attached.

7b. NUMBER OF REFERENCES: Enter the total number of It is highly dcsih.ble that the abstract of classified reports
references cited in the report. be unclassified. Each paragraph of the abstract shall end with

8a. CONTRACT OR GRANT NUMBER. It appropriate, enter an indication of the military security classification of the in-

the applicable number of the contract or grant under which formation in the paragraph, represented as (TS), (S), (C,, or (U) ,

the report was written. There is no limitation on the length of the abstract. How-

8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate ever, the suggested length is from 150 to 225 words.
military department identification, such as project number, 1wli suproectnumer, ystm nmbes, tsk umbr, tc.14. KEY WORDS: Key words are technically meaningful terms ,

subproject number, system numbers, task number, etc. or short phrases that characterize a report and may be used as
9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offl- index entries for cataloging the report. Key words must be
cial report number by which the document will be identified selected so that no security classification is required. Identi-
and controlled by the originating activity. This number must fiers, such as equipment model designation, trade name, military
be unique to this report. project code name, geographic location, may be used as key
9b. OTHER REPORT NUM•BER(S): It the report has been words but will be followed by an indication of technical con-
assigned any other report numbera (either by the oribinetor text. The assignment of links, rules, and weights is optional.

or by the aponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
Itations on further dissemination of the report, other then thosee

UNCLASSIFIED
Security Classification

LU



ti

SUMMARY

This memorandum reports on the progress ot work done under ONR
Contract N00014-71-C-0408, "Dynamic ASW Formulation." System components
are analyzed and a method of approach is outlined.

OBJECTIVE

The objective of this research effort is to develop mi-thodology for the
dynamic (time-dependent) aspects of the onboard ASW operations of an SSN sub-
marine. A fundamental characteristic of ASW operations onboard an SSN that is
of interest here is the requirement for overlapping observations of several targets.
This can lead to congestion at various points in the system and subsequently to
time delays in the processing of Contacts. Since server/customer relationships
appear in the ASW system, queuing theory is considered as a method for deter-
mining the effects of congestion. In general the servers are the passive sonars
and the customers are the contacts. The service performed is the detection,
classification, and disposition of contacts.

SCOPE

There are several types of SSN submarines and several scenarios for
their employment in antisubmarine warfare. For purposes of analytical develop-
ment, the SSN 637 class submarine on patrol in an open ocean barrier Is used in
this report as a frame of reference. The methodology developed here should be
applicable to other submarines In other missions as well. The SSN 637 carries
the BQS-6, BQR-7, BQQ-3,sonar system, and the Mk 113 fire control system in
its equipment suite. For the purpose of this study the submarine is assumed to
be operating Independently in a passive mode. The threat is assumed to be a
first or second generation Soviet submarine.

L



The ABW system it described in terms of four subsysteims-detection,A classification, localization, and attack. The localization subsystem is sub-
divided Into localization-for-information and localization-i r-attack. The
Information flows and decision sequences are studied for the subsystems. The4' detection/classification/localization-for-information system appears to contain
most of the congestion and is thus the most likely place to apply queuing theory.
The localization-for-attack and attack systems are entered when a target has
been conficlently classified as hostile. If the decision is made to attack,
almost all *Activity is focused on the target. This is the goal of the entire
"mission. In a situation of such single-minded attention, queuing theory is not
particularly applicable unless there are many targets to attack; and even if
there are several targets to attack, it is more a question of tactics than of
analysis of waiting times. Localization-for-attack and the subsequent attack
have been modeled extensively from other, more appropriate points of view.
For these reasons the analysis is directed to the detection/classification
operations.

FINDINGS

"Queuing situations discovered in the detection/classification system
are as follows: (a) nr .lassification queue, (b) preliminarily classified queue,
(c) Mk 113 fire .contr& ' queue, (d) control room plot queue, (e) known range,
"speed, and course queue, (f) localize-for-information queue, and (g) dormant
queue. These queues and their interrelationships are descriLed.

Preliminary measures of effectiveness are presented. These include
probabilPtic and expected value measures. The measures are conditioned on
the congestion in the system.. This is expressed as a weighted sum of the
priority of each class of targets and the number of taryets in that class.

The queuing theory approach that appears the most promising Is- not
the usual approach. In this paper the detection/classification problem is
viewed as a time-shared processor problem. The sonars are considered to
share their time between contacts of varying priorities. The development of
this approach is begun in this memorandum. The classification process is
described in detail at the outset, as a means of understanding the processing
time for a contact, and the nature of information presented to the sonar cpera•tor
is analyzed to iny the ground work for the queuing model.

( A
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3 CONCLUSION

This technical memorandum describes the ASW mission, its subsystems,
and their information flowt. It analyzes. certain problems in the classification
of contacts with a view toward applying queuing theory. It demonstrates the
Sapplication of a 'time-shared system" approach to the sonar/contact processing

system. Future work will investigate the mathematics required to implement
this approach.
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I. INTRODUCTION

ASW This report begins a research investigation of the dynamic aspects of the

SASW operations aboard an SEN 637 class submarine. This mission often requires
overlapping observations of several targets, which may lead to congestion at
various points in the system. Queuing theory is considered as a possible
approach to modeling the congestion problem. The results of ORI's investiga-tion will include recommendations on the applicability of queuing theory, taking

j'ij into accQunt the assumptions required by the theory and their relation to the
real world, the data required to implement a queuing model, and the possibilities
for a mathematical solution. Existing simulations of this problem will be studied
and comparisons drawn with any queuing models discovered. The queuing theory
approach is being investigated because server/customer relationships appear in
the ASW system. In general the servers are the passive sonars and the customers
are the contacts. The service that is performed is the detection, ,classification,
and disposition of the contact. In a multicontact environment time can play a

i critical role. Queuing models can give measures of effectiveness that contain
the time factor.

To obtain these measures for a specific system, care must be taken in
• the definition of the system components--customers, servers, and service

"discipline. Often these components are easy to discover and define, especially

in systems resembling classical waiting lines, such as supermarket checkout
slands, banks, and repair facilities. However, in situations that may contain
subtly disguised queuing systems, the "customer" may not be obvious.
Similarly, the kind and number of "servers" may be hidden behind the veneer of
a deceptively simple formulation. And the definition of service discipline,
which is the manner in which customers are served, may change like a cha-

meleon with the angle from which it is viewed. The service discipline can be
of several forms, such as first-come first-served, preemptive priorities (service

II141
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I$ .s interrupted for a higher priority customer), nonpreemptive priorities, time- [
dependent priorities and round-robin serving (as i a computer time-sharing'
system). These service disciplines can be combined in many ways to yield
the type required by the system under consideration. In addition, of course,
a new discipline may arise for a new application of the theory.

The basic data required to implement the queuing theory approach to a "
congestion system are the arrival rate (s) of the customers and the service rate(s)
the time between successive arrivals and for the service time of each arrival.

U These distributions may be difficult to obtain, depending on the data. They
may also be difficult to handle analytically, depending on the complexity of

• •the system. If the entire system is composed of several smaller, interdepen-
dent systems, the task becomes more difficult. If the true interrelationships
can be discovered, queuing theory can give results under certain conditions.
If.'these conditions are not met in practice, they can be assumed and the results

. interpreted in light of the assumptions.

Special situations in'queuing systems, such as balking (refusing to
enter the waiting line) and reneging (leaving the waiting line before being
served) have been analyzed in the existing or reegin g literature. Since

I,• applications, some models include methods for designing service facilities and
disciplines that minimize balking and reneging. In certain applications, how-
ever, -the balking and reneging are not even indirectly under the control of the
server. Consideration of these factors adds to the complications introduced by
complex service disciplines. For the reader who is unfamiliar with queuing
theory, Appendix A provides definitions of the terms used throughout this report.

UU ". h
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11. GENERAL SYSTEM DESCRIPTION
•.j

S~SCENARIO

U SThe scenario for this analysis is assumed to be an. open barrier where-

in an SSN 637 class attack nuclear submarine has an assigned mission to
investigate all contacts obtained and to attack and destroy all hostile sub-
marines. The SSN 637 is operating independently and is assumed to be the only
friendly submarine in the area. The SSN will remain in the passive detection
mode of operation and will not use active sonar even immediately prior to

weapon delivery

The specifics of this scenario are intended only as a base from which
methodology can be developed. Such things as class of submarine and itsU •equipment suite are not fundamental to the analysis that follows.

System Parameters1 The contacts arriving in the area of concern do so randomly in terms of
both time between arrivals and true bearing of initial detection. The possibility
of contacts proceeding in company with like and/or unlike contacts is considered

i feasible and is addressed.

The environmental conditions are assumed to vary across the spectrum
with regard to elements such as range of initial detection and contact retention
capability. With regard to technological advantages of the SSN system versus
arriving contacts, it is assumed that SSN 637 will encounter adversaries of
various degrees of sophistication. This allows for some contacts to be no
match for the system and for some relative stand-offs.

3 3
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"U uby The vital subsystems onboard the SSN will perform up to specift•a

with regard to functional capabilities* reliability, maintainability, and avail-
bility. Operator achievement will be that expected of a well-trained, experi
enced crew; also., it will be. assumed that decision-making andpriority selectiontl
will be that of a well-trained organization. 1ii

* The subsystems of particular importance to the mission include the
BQS 6 (passive), BQR 7, and BQQ 3 sonars, and the Mk 113 fire control system.
The personnel of particular importance include those engaged in sonar control,
ship control, fire control, sonar plotting, and weapon launching operations.
It is assumed that ship control will be completely responsive to demand in
terms of course, speed, and depth and will not degrade the system performanceL" except as predictable by a given set of requirements (e.g., exceeding cavitation
speed for a given depth).

SYSTEM DESCRIPTION

' An SSN 637 class submarine on an ASW mission must proceed through
ý.four stages. These are shown in schematic form in Figure 2.1. The first stage
is detection. This normally involves continuous searching of the ocean with
passive sonar. When a potential target is detected the next stage is entered-
classification. This stage includes the operations necessary to identify the
contact. The time spent in this stage may vary greatly, depending on the target
characteristics and system parameters. Upon classification the next stage is
entered-localization. The overlap in the diagram shows that classification may

still be taking place during localization. This stage represents the operations
Sthat will give an accurate picture of the target's sound signature, range, course

and speed. As these data are obtained, and if the mission requires it, the sub-
marine moves into the last stage-attack. In this stage the submarine obtains
the best firing position and deploys its weapons.

':U DTECTICLASSI FI-DETECTION CATION ILOCALIZATION ATTACK

FIGURE 2.1. SCHEMATIC FLOW DIAGRAM OF SSN 637 ASW MISSION

4
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Essential elements in each stage are the passive sonars (BQR-7 and
BQS-6). Through the description of the stages it will become obvious that these
sonars are required to perform several concurrent tasks. Thus a major character- I
istic of the system is the requirement that the sonars divide their time between
competing tasks. In other words the sonars must be time-shared. An accurate
description of this characteristic is fundamental to building a successful queuing
model. The model must also reflect the fact that the sonars are not identical
processors.

h Each of the blocks in Figure 2.1 represents an information flow and an
associated sequence of decisions. The paragraphs be~ow will describe this
substructure as it is shown in Figure 2.2 (foldout at end of memorandum).

Detection

A sonar contact is usually made in either of two ways:

a. The sonar operator can hear the sound energy
as he manually sweeps the sonar i

b. A line may appear on the bearing time recorder
(BTR) which represents the energy received by
the omnidirectional section of the BQS-6 sonar. .4

The range at which detection is made depends upon many factors, such as
acoustic frequency, target source level, sound velocity profile, operating depths,
and sea state. Because of these factors it is difficult to say when a particular

•I target is -"available" for detection. However, a "bad search pattern would be one
that allowed a target to become "available" and then depart without being noticed.

U Classificatibn

When thLe sonar operator detects a contact he reports it to the conning
officer as a "noise level" if he cannot preliminarily classify it. When a pre-
liminary classification is made the conning officer is notified. At this point the

sonar operator may try to compute target range using the passive bottom-bounceI p'i ~method. If this dan be done, the conning officer is notified of the results. To
accurately classify a contact the signal to noise ratio of its sound signatureI .. must be above some minimum level. Additional information such as target range
and speed can effect the classification. The actions required to obtain this
information are at the discretion of the conning officer. His decisions are
influenced by the number and types of other current contacts.

Most of the data given to the conning officer come from the passive
sonars. If more than one contact is being investigated for range, course,
speed, bearing rate, and frequency spectrum the conning officer must make some
priority decisions.. Which contact the sonar listens to and for how long is an
important question. As information is generated on a target, confidence in the
accuracy of the classification increases. When a final classification is made
that the contact is not hostile, it is set aside and inspected periodically. If

I I5
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UUNfthe contact is finally classified as hostile, an action decision (shoot, or avoid)
must be made. This decision depends upon such things as the type of mission,
and the type of target, I
Localization

There are two types of localization: localization-for-information, andSlooalization-for-attack,. The first type consists of getting• closer to a contact

to learn more about it. These maneuvers aid greatly in determining the range,
course speed, and sound signature of the contact. The second type, localiza-
tion-for-attack, is concerned with obtaining the most accurate target position
possible. Since this stage is preparatory to attacking the target, most activity
is concentrated here. Thus while keeping track of the other contacts held and

Scontnuing to sbarch.for new contacts, the SSN will concentrate more and more
seri/1ces on the contact being localized as the range decreases. The fire con-
trdl solution being generated in the Mk 113 should improve with time, particu-
larly as own ship changes course and/or speed to develop a true solution and
if and when a propeller shaft turn count is obtained allowing a reasonably
accurate estimate of target spded.

In the attack phase the submarine is maneuvered into the best firing
position and the weapon is launched. Almost all effort is focused on the target.
One of the passive sonars may be searching the area for other hostile targets
during this phase (usually the BQR-7).
Equi•ment

The BQS-6 can operate in either the active or passive mode. As stated
above this analysis considers only the passive mode of operation. The operating
characteristics of this sonar and other equipment can be found in the Ship Informa-
tion Books for the SSN 637". j/ This data is not repeated here in order to keep the
report unclassified. The BQR-7 operates strictly in the passive mode. It has
different characteristics than the BQS-6 and these differences influence the
operational use of the sonars. A queuing model must take thAeA differenrcesminto
account. The BQQ-3 is a display device which aids in the classification of
sonar contacts. Its use must also be considered in any queuing model. TheseIK , tequipments are not specifically modeled in this report since the methodology must
allow for general types of equipment. If a useable mathematical model is devel-
oped specific equipment capabilities will be included.

Naval Ship Systems Command, General Information (U, USS Sturgeon SS(N) 637,
Ship Information Book, Volume 1, NAVSHIPS 0905-019-0010, July 1967,
CONFIDENTIAL.

Naval Ship Systems Command, Tactical Facilities (U), USS Sturgeon SS(N) 637,
Ship Information Book, Volume 2, NAVSHIPS. 0905-019-0050, July 1967,
CONFIDENTIAL.

6 6o
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III. QUEUING SITUATIONS IN THE SSN 637 ASW MISSION

This section describes queuing systems in the ASW system. The
descriptions are not mathematical in nature; they are intended to lay the
foundation for a mathematical analysis in the final report. The section starts

/t with a discussion of the overall system and then proceeds through the various
subsystems.

• IOVERALL SYSTEM QUEUE

When looked at from a distance,the submarine appears to be a black
box that inspects sound contacts, processes them, and, on completion of
processing, ignores, attacks, or avoids the object making the sound. This

box has two primary sensors. The sensors are the passive sonars and they
L) cannot concentrate on all contacts at once. Situations arise when a contact

must wait its turn to be investigated. Thus, we have the beginnings of a
I-• queuing system. The passive sonars are the "servers", and the sound contacts
S i are the "customers." The service discipline appears to be of the time-sharing

type, since the customers are looked at many times, sharing the attentions of
"I .~ the sonar with other contacts, before their service is complete.

Because certain contacts are more important than others, some sort of
p.riority scheme must be added to the service discipline. This is dis'ussed in
:.ection V. The service to be provided is classification. Upon detection of a
contact a sequence of events begins onboard the SSN 637. The ultimate result
is some kind of classification decision. The process of classification, its
structure and data requirements, are discussed in Section V. The subprocesses
of the classification process are described in the remainder of this section.

.g7



II SUBSYSTEM QUEUES

Figure 2.22 shows various congestion points in the information flow
and decision sequences that occur in AEW operations. These subsystems
queues occur at points where contacts are waiting for sonar attention; other
queuing situations occur which do not have the sonars as servers. The different
subsystem queues are listed here for reference:

* • Subsystem sonar queues

U.. No classification queue

"Preliminarily classified queue
. Determine range/speed, and course queue

I, (Mk 113 fire control system)
• Determine range/speed, and course queue

(plotters in control room)
* "Known" range/s peed, and course queue

I . * Localize for information queue

I Dormant queue (contacts classified as
nonhostile or false)

* Subsystem queues without sonar servers
. Mk 113 fire control system queue

• Control room plots queue

. Conning officer decision queue.

Queues With Sonar Servers

No Classification. These contacts have been heard as noise levels,
but the information required to make a preliminary classification is missing.
The contacts are noted and inspected later. If the sonar operator can make a

4 preliminary classification, the contact moves to the next queue in Figure 2.2,
"Preliminarily Classified." It is possible that a contact in this queue will be
"lost; that is, on the next look the contact will not be heard. This is a form of
reneging.

Preliminarily Classified. These contacts have some preliminary
classification given by the sonar operator. He has attempted a passive bottom-
bounce ranging and that information is passed on to the conning officer. The
contact stays in this queue until the conning officer decides to get more accu-
rate range and speed information via the Mk 113 fire control system or the plots.
The contact is investigated periodically, and eventually is either lost or passed
on to the next queue- "Determine Range/Speed, and Course."

38
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Determine Rane/S a Courso. Range, speed, and course
estimates of a contact can be obtained through either the Mk 113 fire control
system or the manual efforts of the plotters in the control room. Each of these
methods requires periodic input from the passive sonars. When an estimate of
the range, speed and course of the contact is obtained, the contact passes tothe next system-either "Localize-for-Information," or "Wait" with range,speed
and course "known".

Known Range/Speed, and Course . Contacts in this system are
periodically investigated and reports made to the conning officer. Eventually
these contacts are lost, identified without localizing for information, or localizedfor information.

Localiz6-for-Information. This queue contains contacts that merit
more accurate range, speed, and course information. A revised estimate of
range, speed, and course may be obtained and no further action ordered. In
this case the contact again enters the known range, speed, and course queue.

I ~ Another possibility is that the conning officer can make a final classificationdecision. If he does, the contact either goes to the dormant queue, meaning
it has been confidently classified as not hostile, or the conning officer makes

- ~ a decision to attack or not, depending on the submarine's mission.
Dorman These contacts have been classified with-a very high proba-

bility as nonhostile or false. They are investigated periodically, just in case they
are not, but generally they leave the system as they move out of range.
Queues Without Sonar Servers

Mk 113 Fire Control System. This system consists of two parallel
problem analyzers. Each analyzer can solve the range, speed, and course
problem for a contact. The conning officer decides which contacts should be
processed, and if he needs information on more than two at about the same
time, a waiting-line develops for the Mk 113. This situation might be looked
at as a straightforward queuing problem-put one contact in, process it, and
go on to the next. However, the solution depends entirely on sonar inputs.

{• Thus the service time of the Mk 113 depends upon the number of contacts inL o the total system. This may not be a problem if the input to the Mk 113 isj treated with high priority, so that inputs arrive from the sonar at a rate inde-
"pendent of the number of contacts in the total system. Priorities for the firecontrol system are set by the conning officer as he makes decisions as to
which contact the Mk 113 processes. Further, it is preemptive priority system,j" since the conning officer may decide to stop processing on one contact to
process another. If a preemption occurs the partial solution on the discontinued
contact is lost completely. Thus, ultimately, the Mk 113 fire control system is
a preemptive priority system without resumption.

I9
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3 Control Room PjLgt. This system functions in much the same way as U
the Mk 113". It provides solutlonc to the range, speed, and course problem,

using position reports from the passive sonars as inputs. This system may
have more than two parallel channels , dopending on the skill and dexterity of
the plotters. Here again the conning officer decides which contacts are plotted
and which ones are interrupted if necessary. The service time of the plotters may

avary, depending on the confusion in the control room and the speed of the
contact.

SjCqonning Officer. As can be seen in Figure 2. 2, the conning officer Li
receives many different kinds of data and must make many different decisions.
If he is considered a server, and the customers the decisions required of him,
a queuing system is seen to exist. The inputs come from many sources,

LI although the rates e~bntually depend on the number of contacts in the system.
There is a priority scheme, which he decides, and the customers are served on
a first-come, first-served basis. However, a higher priority unit can interrupt
a lower one. Interrupted service is allowed to continue from where it stopped.
The service time is usually very short, often instantaneous. Mathematical

problems and data collection difficulties will be discussed in the final report.

i'ii
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rIV. MEASURES OF EFFECTIVENESS

Io

if Queuing theory will be of little use as a tool in analyzing the ASW
mission unless it can provide a means of obtaining measures of effectiveness
that are difficult or impossible to obtain in other ways. This section lists

U several measures that queuing theory can provide. These measures are easily
available only if the mathematical queuing models can be solved satisfactorily.
There are two classes of effectiveness measures. One class deals in probabil-
ities, the other in expected values. We will list some in each class.

r PROBABILISTIC MEASURES

All of the measures in this class are probabilities conditioned on thenumber and type of contacts In the system. If we assign priorities where the

higher the value the more time spent on a contact, we can measure how busy
the system is by

1• D = weighted sum of targets and their priorities

D = a~c. +asc. + ... ancn

where aj is the jth priority weight and cI is the number of targets in that priority
class.

[ 1s.MOE 1: Probability (miss a contact D) = probability that a target
in range for its characteristics (noise level, etc.) is not

S piciced up before it leaves the area

MOE 2: Probability (miss a contact for time trD), that is a target
is not picked up until t time units after it was "available"

MOE 3: Probability (lose contact of Priority; before completeclassificationI D). .11

II



U EXPECTED VALUE MEASURES

MOE 4: Expected number of contacts lost in a given time,
given D to start with

MOE 5: Expected time to classify given D in system to start with

I MOE 6: Expected number in a given class in the system at any time

MOE 7: Expected value of D.

j MOE 8: Expected total time in system.

With valid data and a suitable model these expressions can be used to
evaluate changes in the ASW system. The mathematical models needed to
generate the measures are discussed in the next section.

S'I
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V. ANALYSIS OF SYSTEM COMPONENTS

* iThis section analyzes various aspects of the systems described inI Section II, such as-What is the input process? How is classification per-
formed? What kind of information is presented? How long does the process

(1 take? What priority scheme will be used? A fundamental understanding of
these components is required before mathematical models can be developed
in the final report.

THE ASW DETECTION/CLASSIFICATION PROBLEM IN THE OVERALL SYSTEM
t •!i''The sonar operators aboard an SSN 637 class submarine havre a well- I

defined problem-they must search for, detect, and classify sound contacts.
When the number of contacts is small (0 to 5) this job is manageable in that all

• V icontacts probably receive the attention they deserve. They are investigated fullyI •' and classified with. reasonable confidence. Their general mode of opersation
is to follow some search pattern and, upon detection of a contact, observe it
for a period of time (from 4 to 15 minutes approximately). If classification
cannot be made immediately, the position is noted and the search continues.
If another contact is detected it too is observed and the sonar returns to search.
Thus the sonar time is divided between investigation of contacts and searching.

IJ As a contact becomes more important the sonar spends more time investigating
it, trying to determine its classification as accurately as possible. If a con-I ~jtact is classified hostile and a decision is made to localize, the sonar is very
busy with thatf contact obtaining data that enable the localizing submarine to
maneuver into the best firing position. If no contact becomes important (that
is, possibly hostile), the sonars continue their search. As long as the number
of contacts is small, there is ample time to search and investigate existing
contacts. However, as the number of contacts increases, the time between
successive looks at any one contact increases. Also, the time between

U-13
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searching sweeps increases, and hence the sonars may not be aware of all
events. The information lost and the contacts missed or allowed to come
closer without detection depend on the congestion in the system, I ea, the

•> fl number and kind of other contacts. To fully appreciate the loss of information
U in this situation, consider the following description of information collection.

If a sonar is trained on a contact constantly, the information accumu-
Si.flated by the operator will eventually be sufficient for confident classification.

This information is often obtained in spurts, as the contact changes course or
speed or alters its noise signature by changing auxiliary modes. Each incident

Jof this type adds to the pool of information the operator has. At some point in
time after detection the information level will be such that 4e can classify the
contact. If for any reason these "spurts" of information are missed, the time
of classification is postponed. Thus, within certain limits, the more often
the sonar can look at the contact the faster classification will be made. On
the other hand, searching for new targets is an extremely important part of the
mission.; in fact it is often better to know of all the targets within a certain
range and have none of them classified completely than to have a few of the
targets completely classified while being ignorant of the rest.

As pointed out above, when a contact is classified as potentially,-hostile, a larger portion of the sonar attention is directed to it. This certainly

l, i degrades the search capability, but the impending attack is more important
than a thorough search coverage. Most existing models of antisubmarine war-

[ fare begin with a simulation of detection based on the sonar equation with
random environmental conditions. If a detection is made the classification
process is treated as a simple box that delays the attack for some period of
time with some probability. Then the attack is simulated in detail. This J
treatment of the classification process seems to ignore the very important
problem outlined above in a multicontact environment. How can we be sure
that the hostile ship or submarine is detected and classified if the sonars are

4. cluttered with fishing boats, merchant ships, and friendly warships ? The
performance of the sonar detection/classification system under these conditions

H• is studied in the following subsections.

THE NATURE OF INFORMATION AVAILABLE TO THE SONAR OPERATOR
FOR USE IN CLASSIFICATION

Contacts are made by detection of acdustic energy emitted by the1I. vessel. They are classified on the basis of the particular form of that acousticenergy. Each ship has an acoustic signature, which is a combination of sound
frequencies from its propulsion and auxiliary systems. When the signature of

a contact is determined it is compared with a file of known signatures for
U [various classes of ships, and if a match is made the job is done.

J
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Although this appears simple and straightforward, difficulties arise
because of contact range and ocean conditions. It is possible that a noise.level::
contact be made, but nf.Ather the BQQ-3 nor -the operator's ears receive enough
Information to begin classification. In general , as range to the contact narrows
the signals become stronger and more information is available. At a certain
range the information available from the contact may be enough to permit classi-
fication. At any range less than this, classification is also highly likely-if the
sonar i.s trained on the contact.

Thus far we have discussed the steady-state system of frequencies
VJI available when a vessel is underway. Transient sounds emitted by a vessel at

-random may also be means of classification. A sound that identifies a class of

ship but is not emitted with any regularity, a hatch closing falls in this category.
Such a spurt of information may be almost instantaneous, but if the sonar is
trained on the target when it occurs, classification will be made. These spurts
can be treated as random spikes superimposed on the information available at a
steady rate.

THE CLASSIFICATION PROCESS

When a "noise level" contact is detected by a sonar operator the
immediate goal is to classify the contact. Normally the contact is to be placed
in one of the following classes: noise level; unknown; merchant; lightcraft;
warship; submarine. It is assumed that friendly submarines will not be detected

! :,because of ope~rating rules. The sonar operator will listen to the contact for a

while and attempt to classify it based on his experience and/or the BQQ-3
display. A tentative classification may be made foll6wing these observations.j The sonar will then continue searching and eventually return to the contact. At
this point the contact may provide more data. based on a change in range, course,
or speed. The additional information, and that previously obtained, is stored in

S.1 the operator's mind and compared with his experience. If no match is made
further searching is conducted. It is possible that while the sonar is searching
in other directions the contact will produce information that can help classify it.
This information may be present when the sonar looks at the contact again. If
it is such that now classification can be made, service ends. However, had the
sonar been looking when the change was made, or shortly thereafter, the service

I would have been completed sooner. Thus we see that information is generated
by the contact and this information is accumulated by the sonar operator-if he
is looking in the right place at the right time. The information available to an
observer is shown abstractly in Figure 5.1.

The figure shows two "spurts" of information generated by the contact,
such as changing auxiliary equipment or closing hatches. If sonar happened to

"L' be looking in the interval (T0 ,Tj) classification would have occurred then. Also,
any looks after time To would result in classification. Essentially we have a

Ii Jdistribution of transients, of random intensity, superimposed on the steady
information available from the contact. In general, this steady information rises

15
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until tile closest point of approach and then begins to decline. Fluctuations inavailable information are caused by ocean conditions, but these do not decrease
the Information accumulated by the sonar operator.

L..

information to Classify

Information I
Available to
the Observer

t J t z t .3i0t

]•I oTo. IT,OLLII
Detection Time

FIGURE 5. 1. INFORMATION AVAILABLE TO AN OBSERVER

The accumulation of information is shown in Figure 5.2 for continuousobservation. If the sonar only observed the contact during periods (t ,t),
(ta ,t 3 ) and (t ,tB), the accumulated information curve would look as shown in
Figure 5.3. Prom these figures we see that the number of looks is not deter-
mined in advance. In fact, there is in a certain time range after detection in
which classification would almost certainly occur in two looks. The trade-off
is the chance of an earlier classification. Waiting too long for the second
look would mean the contact had passed the closest point of approach and the
"data available would begin to decrease. If ther service time of the contact is
considered the time required to accumulate a given amount of information, we
see in Figures 5.2 and 5.3 that this varies depending on the timing of the looks.
Thus:

no. of looks
to classifyS•• length of look i= time to clsiywith

i=i continuous observation.

It should be noted that the "number of looks to classify" is not unique.

Ii 16



AJ Informiation to Claselfy

Inftormation

1'0 1

L0I

Detect5..ioCUULTE INFORMATION WITH]

CONTINUOUS OBSERVATION

Information to Classify

Accumulated t

t2  t3

2 3,

t*t to

IIDetection Time

FIGURE 5.3. ACCUMULATED INFORMATION WITH
INTERMITTENT OBSERVATION
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Theinfrmtio avilbleto heobserving soa rma contact as a

function of time can be represented by a family of curves such as those shown
In Figures 5.4, 5.5, and 5.6.

Information to Classify

~ J Information
Available

Detection Time

FIGURE 5. 4. INFORMATION AVAILABLE AS A FUNCTION

I ~' OF TIME-FRINGE CONTACTS

Information to Classify

Available

0

VDetection Time

FIGURE S. 5. INFORMATION AVAILABLE AS A FUNCTION
Ii OF TIME-APPROACHING CONTACTS
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D ineotmetion to Tieify

[I .

I-.I

4tOete~ion TimeI

Li FIGURE 5.6. INFORMATION AVAILABLE AS A FUNCTION
OF TIME-PARALLEL CONTACTS

The shape of the information curve is a function of many variables, such
U as environment, range, sound intensity, and frequency. Certain contacts on

the fringes of the detection envelope may enter briefly and disappear. This accountsi • ifor the curves shown in Figure 5.4. Other contacts approach the submarine witht- different bearings and ranges. These are shown in Figure 5.5. Still other contacts

may approacO and y approximately parallel to the submarine. These contacts areB represented by Fi ,kire 5.6.

COMPUTER TIME-S:- .:..NG AND THE ASW CLASSIFICATION PROBLEM

The customers in the ASW queuing system are the contacts to be
classified. These customers take on different priorities depending on their
present classification. A customer's priority can change after he has been
served because of the server's increased information. Since the server(s) must
look at all contacts and continue to search within some period of time, theLserveres time is shared in much the same way as computer time is shared.

SThere is a fundamental difference however. In the computer case, a job is
completed after a given number of small service times (called quantums). Thus
if the job takes 10 minutes to run without interruption, five 2-minute quantums
are necessary to complete it. This is not the case in the ASW system.

II 19
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In the ASW case, the time to classify the 'target i the service time

If wedefine Tc, a hypothetical service time for a particular target, as the tjme
It would take to classify the target if it were observed continuously, then, am.
shown above, it is not necessarily true that the number of " looks," L, required
to classify is L = T0 /T,, where T, 'is the time per look or quantum. This i8 so

} because the con"act is changing whether it is under observation or not. The
J fundamental difference between the ASW system and the computer time-sharing

system is that the ASW customers are not static when the servers are busy else-
where. The following paragraphs discuss the time required to complete service.

1 ¶ Assuming for now that a contact approaches and is available for classification,
suppose the available information curve is as shown in Figure 5.7.

lnformetion to Classify

Infotmation
Available

0 I
0
Detection To Time T 1

FIGURE 5.7. AVAILABLE INFORMATION CURVE FOR A CONTACT

* U Classification can occur only if the contact is observed sometime
during the interval (T T ). Thus classification will occur during the interval
(T, T + L) with the probability below

Prob [classify during (T,T+L)J = Prob [look for L time units,
starting at time T] x Prob
[ (T,T +L) overlaps the
interval (To,T)J,

where L, th6 length of the observation, is a random variable that in part is a
function of the contact's priority. With this formulation the major difficulty is
determining the probability that a look will begin at time T, or in the interval
(T, T + AT).

The time of the next look at a contact depends on the following
U• variables: the number of other contacts in the system; their priorities; the

priority of the contact under investigation; and the search doctrine. The
relationships of these variables will be examined in the final report. It is now
appropriate to discuss the priority scheme used in this system.

S20
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(I ,Pri ity Scheme
The priority assigned to a contact reflects the sonar operator's estima-

tion of its threat potential, based on the information obtained from previous
observations. A priority may change based on the latest observation, e.g,,
what wasthoughttobea merchant ship, of relatively low priority, may be evalua-
ted as a possible hostile warship after the next observation. Because changes
can occur, the relative importance of a contact increases over time, starting
from the end of an observation. Thus a possible merchant ship observed a long
time ago might have higher priority than a possible warship observed more
recently. This is an application of the delay dependent priority technique
developed by Kleinrock. 1/ However, it is complicated by the priority switch-
ing that additional information may cause. Priority switching can be modeled
with a Markov switch matrix, where the PiJ element is the probability of switch-

ing from priority class I to priority class j after a completed look. The data
required to develop this matrix are available from submarine logs. Data require-
ments will be discussed and further investigation of the time until next look
presented in the final report.

ANALYSIS OF SUBSYSTEM QUEUES

L.) The subsystem queues discussed in Section II are shown as separate

queues, since they occur in the flow from a "noise level" contact to a completely
classified contact (see flow diagram, Figure 2.2). However, since all of these

queues use the same servers (the sonars), this system can be considered one
large queue with several different classes of customers.

The classes are equivalent to the queue the customer is in:

1. No classification

* . 2. Preliminarily classified

3. Determine range/speed, and course (Mk 113)

4. Determine range/speed, and course (plots) A

5. Known range/speed, and course

6. Localize for information

u 7. Dormant.

Figure 5.8 ilhtstrates this interpretation.

L. Kleinrock, "A Delay Dependent Queue Discipline," Naval Research
Logistic Quarterly, Vol. II, No. 4, December 1964.

* ,21

I



LOSTI

FI
a ., , ,, ..:

Cls I Cls 2 Cls, C I",,I" n

LI

11oar1 1o

FIGURE 5. 8. SINGLE QUEUE WITH SEVERAL CLASSES OF CUSTOMERS

Each class of contacts has inherent characteristics, which can be

proceeds, the contact changes classes until it is completely classified or it is
lost. This formulation of the detection/classification system leads to another
analogy with computer time-sharing systems. The sonars can be thought of as
parallel computers and the contacts as different types of programs. Normally
customers in time-sharing systems do not change priority classes. Since they
do in the detection/classification system, new methods may be needed.

In a formulation of this type care must be taken to account for all

demands qn the servers. An important role of the sonars has been ignored thus
far-the search for new targets. This is the detection portion of the detection/classification system. There is no immediate analogy with the computer system

of "customer" with an infinite service time. The priority of this customer
depends on the other customers in the system. If this is defined as class 0,
hi the system can be represented as In Figure 59.

LClass 0 Clas I Class 2 Class 3 Cls 4g Class 5 Class 6 Class 7

aSono a te IS narg

Se t FIGURE 5.9. TIME-SHARING INTERPRETATION WITH

SEARCH FUNCTION INC. LUDED
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Figures 2.2, 5.7, and 5.8, and the discussion above, imply that the
contact must follow the path laid out from class 0 through class 7. In reality,
an initial contact may be completely classified. This step may be taken from
any point in the system. Similarly, other steps may be taken that skip one or
two classes. Also, there is the possibility of feedback as discussed above
with the localize-for-information queue. The possible paths to complete

[j classification are shown in Figure 5.10.

Class 0 1 2 3 4 5 6 Lost

0 X X X X X X j
1 x x x x x x
2 X X X X X

3 X X X X
4 X X X

S5x x x
6 X X

Lost x

FIGURE 5-..10. POSSIBLE PATHS BETWEEN CLASSES

The transitions in Figure 5. 10 suggest a possible Markov chain approach. In
.U this case, however, the chain is not stationary. That is, the probability of

moving from one class to another depends on the number of contacts in the
system. Since this number changes with time, the transition probabilities
change with time, contrary to the definition of a stationary Markov chain.

Y This discussion of the sonar queues has led to a system of time-shared
• I sonars with several customer priority classes. The input to each class is

determined by a class before it in the time sequence of events, with the input '
• •, for the first class coming from an infinite population. This system will be

U treated mathematically in the final report.

CONCLUSION

This technical memorandum has presented a description of the ASW
mission, its subsystems, and their information flows. It has analyzed certain
problems in the classification of contacts with a view to applying queuing
theory. It has demonstrated the application of a "time-shared system" approach
to the sonar/contact processing system. The mathematics required to implement

iii

this approach will1-be Investigated in future work.,
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• ! APPENDIX A

GLOSSARY OF STANDARD AND SPECIALIZED TERMSIi

~ iARRIVAL RATE-Number of customers arriving in a unit of time.

BALKING-Refusing to enter waiting-line.

CUSTOMER-In the ASW System this is the contact to be classified.

DYNAMIC ANALYSIS-Takes into account the effects of time on
system performance.I ' MA MARKOV CHAIN APPROACI-I-Mathematical technique used to describe systems

1 in which the next state of the system is influenced only by the present state.

.NON-PREEMPTIVE PRIORITY-Service discipline in which an arriving unit of
higher priority waits until the service of the current-unit is completed.

PREEMPTIVE PRIORITY-Service discipline in which an arriving unit ofbigher
priority can interrupt the service of a lower priority unit.

QUANTUM-Small unit of time used to describe the amount of service given to
1 •a customer in a time-shared system.

QUEUING THEORY-Mathematical theory of waiting-lines.

RENEGING--Leaving waiting-line before being served.

* 1 "SERVER(s)-In the ASW System this is the passive sonar(s).
Ii__i'-• ,•1SERVhonICE DISfoCIPLINE--srieManner in which customers in the waiting-line are

chosen for service.

ii SERVICE RATE-%-Number of customers served in a unit of time.

v SOUND VELOCITY PROFILE-Velocity of sound as a function of depth.
U TIME-DEPENDENT PRIORITY-Service discipline in which a unit's priority is a

function of the time it has been waiting.
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